INTRODUCTION
Recently, the use of fiber reinforced polymers (FRP) in reinforcement has been used for several structures and bridges as a solution for the corrosion problem.
ls This material represents a relatively new technology; therefore, much research is needed to determine its characteristics and gain confidence to be accepted by engineers for practical applications.
Behavior of concrete members depends primarily on the bond between the reinforcement and concrete. For pretensioned concrete structures, the transfer and development lengths are important parameters and significantly influence the design and structural detailing. Extensive studies have been reported related to the bond characteristics of steel strands; however, it is very limited for carbon fiber reinforced polymers (CFRP) reinforcement. This paper provides complete data on the transfer and development lengths, as well as the bond characteristics, of two commonly used products for pretensioned concrete structures and bridges.
RESEARCH SIGNIFICANCE
The study provides information on the transfer and development lengths of Lead line bars and carbon fiber composite cable (CFCC) strands. Findings of the research are presented in an equation format proposed to predict the transfer and development lengths. The information is valuable for designers using CFRP for the prestressing of concrete structures and also for the development of design guidelines currently undertaken by the ACI Committee 440 for concrete structures prestressed by FRP reinforcements.
MATERIAL PROPERTIES
The three types of prestressing reinforcements used in this study are Leadline bars, CFCC strands, and steel strands for comparison purposes. The 8-mm-diameter Leadline bar is a black, single unidirectional CFRP with 65 percent fiber content in an epoxy resin matrix. The surface texture of the rod is smooth with a spiral impressed pattern. A reusable wedge-type grip system, provided by the manufacturer, was used in tensioning the bars. 4 The CFRP strand is a black, seven-stranded cable, twisted in a manner similar to a seven-wire steel strand. Each of the seven strands consists of about 64 percent carbon fiber in an epoxy matrix. Each wire' is wrapped by synthetic yarns to protect it from ultraviolet radiation and mechanical abrasion, and to improve the bond properties with concrete. The grip system consists of reusable steel wedge and collar superimposed upon a die-cast (bonded) sheath affixed by the manufacturer.
5 Table 1 shows the characteristics ofFRP and steel prestressing reinforcements as reported by the manufacturer and measured values using the anchorage systems provided by the manufacturers. The concrete used in this program was provided by a local ready mix supplier. The concrete compressive strength at time of release of prestress and at loading was determined using three 150 x SOo-mm standard cylinders, and is given in Table 1 .
EXPERIMENTAL PROGRAM
A total of 52 pre tensioned concrete beams and prisms were tested in this study. Table 2, :3 and 4 show the test parameters, specimen details, and test results of the specimens prestressed by Leadline bars, CFCC strands, and steel strands, respectively. In these tables, beam and prism specimens prestressed by Leadline are designated as BL and PL, respectively. Beams prestressed by CFCC are designated as BT. Beam and prism specimens prestressed by steel strands are designated as BS and PS, respectively. In all test specimens, the tendons were instrumented with electrical resistance strain gages to monitor the strains during release and loading. Demec points, glued to the concrete surface, were used to monitor the concrete strains as shown in Fig. l(a) , (b), and (c). The prestressing tendons were debonded over 50 or 100 mm at each end of the beam to determine accurately the flexural bond length due to the applied load, and to minimize stress disturbances, as well as confinement, within the support zone. Two-legged 6-mm-diameter steel stirrups spaced at 80 mm were used as shear reinforcement. The stirrups were hung from two MlO longitudinal deformed steel bars. The spacing of stirrups was designed to provide adequate shear strength to avoid premature failure, and was kept constant in all specimens to provide the same level of confinement. A view of the prestressing and casting setup is shown in Fig. 2 . The beams and prisms were cast in pairs and the prestressing force was applied using two hydraulic jacks with locking nuts to maintain the force after jacking. During jacking, the forces were monitored by hollow load cells attached to the jacking end of each tendon. The prestressing level varied from 58 to 80 percent of the guaranteed strength reported by the manufacturers. Concrete cover of four times the tendon's diameter was used in all specimens.
To study the effect of confinement of the concrete, steel stirrups were not used along the transfer and flexural bond lengths for four beams and four prisms pretensioned with Leadline, and six beams prestressed with CFCC. Two beams prestressed with Leadline, two beams prestressed with CFCC, and two beams prestressed with steel strands were used to investigate the long-term effect.
The simply-supported beams were tested in flexure using a MTS testing machine of lOOO kN capacity to apply a one-point static load or two-point static load at predetermined locations through 60-mm-wide steel plates. The load was applied under stroke control with a rate of 0.06 mm/min up to cracking load, fc)llowed by a rate of 0.12 mm/min up to failure. The embedment lengths varied by changing the shear spans as shown in Fig. I(a) . In Beams BT7 through BTIO, the embedment length varied by changing the debonded length at the mid-span of the beam as shown in Fig. I (b). Beams BLI2, BTI5, BTI6, BTI7, and BT22 were long enough to test the two ends independently using one-point static load, as shown in Fig. I (C), resulting in two sets of data for two different embedment lengths for the same specimen.
Prism configuration
The prism specimen is schematically shown in Fig . .'3. Different cross section dimensions of concrete were used to achieve approximately equal stresses in the concrete cross section after transfer for the different types and sizes of the prestressing reinforcement used in this study. Each prism specimen consists oftwo concrete parts with concentric tendon connected together by the hollow jack and hollow load cell. The intermediate jack and the load cell are positioned befol-e casting as part of the specimen configuration. The length of each part of the prism specimens was designed to be more than the expected transfer length. A length of 50 mm of tendons was debonded at the loaded ends of the prism. Teflon sheets were used between the bearing plate and concrete to permit dcf<x-mations in the transverse direction during application of the load. The square cross section dimensions of prisms were selected to pro\·ide concrete cover not less than four times the diameter of the tendon, as well as to achieve compressive stress in the concrete not greater than 0.41.;.
The typical pullout test, used by many researchers to study and compare the bond properties of reinfc)rcements, usually gives higher bond strength than the classical beam test. This difference in results could mainly be attributed to the following two reasons.
I. The concrete surrounding the reinforcements in the pullout test is subjected to compressive stresses, while the concrete in the typical reinforced concrete beam is subjected to tensile stresses, and is possibly cracked.
2. The friction forces between the loading steel plate and concrete could prevent lateral deformation of concrete and, therefore, inclined forces could be induced. These inclined f()rces could also induce radial confinement on the reinforcements near the loaded end and result in an increase in the pullout resistance. This phenomenon is known as wedging effect.
Unlike reinforced concrete members, when prestressed concrete beams are subjected to flexure, the majority of development length at the two ends of the beam remain free from flexural shear cracks due to prestressing. Using Teflon sheets to eliminate the wedging effect and debonding part of tendon at the loaded end, the proposed prism test can be considered an adequate model to determine the transfer length and the bond characteristics of prestressing tendons. The proposed test has the advantage of being easy, fast, and economical, and minimizes the need for sophisticated testing equipment. After release, the prestressing force is transferred to the two concrete parts of the prism. An equal compression load is resisted and maintained by the hollow jack and load cell at the middle of the specimen, as shown in Fig. 4 . At this stage, the transfer length at the two extreme ends of the specimen can be determined using the Demec points and electrical resistance strain gage readings attached to the concrete surface and the reinforcement, respectively.
The second stage of the test is to gradually apply force using the internal hydraulic hollow jack to separate the two concrete parts. Roller supports were used to minimize the friction forces during the second stage of the test, as shown in Fig. 3 . The load measured by the enclosed hollow load cell was monitored continuously using the data acquisition system. Dial gages and/ or linear variable displacement transducers (LVDTs) were attached to both ends of the prism to monitor slip of the tendon. Three modes of failure typically occurred. Tendon slippage occurred in the case of insufficient embedment length. The tendon ruptured when the embedment length was greater than the required development length. The concrete split when the concrete cover was not enough to develop the required confinement. Fig. 4 shows a prism specimen after failure due to slip. Table 2 and 4 show the test results of the prism specimens pretensioned with Leadline and steel, respectively. 
TEST RESULTS Transfer length
The transfer length is deflned as the length of the tendon over which the prestressing force is fully transferred to the concrete. The transfer length of a prestressing tendon is greatly influenced by Hoyer effect.r; The Hoyer effect is caused by swelling of the tendon in the transfer zone after release as a result of Poisson's ratio. Since the lateral deformation is resisted by the surrounding concrete, the induced confining stresses normal to the tendon enhances the bond strength at the interface. Enhancement of the bond caused by the Hoyer effect is directly related to the concrete strength and the coefficient of friction between the two materials. Since the modulus of elasticity of CFRP reinforcement is about 70 percent of that for steel strands, the longitudinal strain, and consequently, lateral strain, is larger for CFRP than that for steel strands with the same prestressing level. Due to this behavior, the induced stresses perpendicular to the fibers are increased. The characteristics cause reduction of the transfer length for CFRP in comparison to equivalent steel wires and/or strands. The indentation of the Leadline surface and the wrap coating of the CFCC strands also enhances the frictional properties and, therefore, reduces the transfer length.
Measurements of strain gages and Demec points were recorded at transfer, after 4 n/a 900 B load up to failure. A typical measured data based on electrical strain gage reading along the reinforcement is shown in Fig. 5 . The figure indicates that the prestress losses increased from 3 percent at release due to elastic shortening, aryd to 15 percent after 4 weeks as a result of creep and shrinkage of concrete. An example of the measured concrete strain along the surface of the concrete of the same specimen at release and after 4 weeks using Demec points is shown in Fig. 6 . The concrete strain increased from 0.00038 at transfer to 0.0013 after 4 weeks due to creep. and shrinkage of concrete. The transfer length was determined using the measured data at transfer and it was confirmed using the data after 4 weeks. The transfer length was determined as the length from the transfer onset to the point of intersection of the varying strain zone and the horizontal line fitting the measured strains within the constant strain zone (100 percent constant strain method).7,8 The measured transfer lengths, based on strain gages and Demec point readings, are summarized in Table 2 , 3 and 4. Based on the measured data in this program, the transfer length L t was found to be directly related to the diameter of the tendon db, the initial prestressing level !Pi, and the concrete compressive strength at transfer.fc: a,s proposed by the following equation
(1) where at is a coefficient determined from the regression analysis of the test data. The regression analysis of the test data resulted in values of the coefficient at of 1.9 and 4.8 for Leadline bars and CFCC strands, respectively, as shown in Fig. 7 . Based on the test results of specimens prestressed with steel strands and other data reported in References 6 and 9 through 14, a value of the coefficient at of 2.4 is proposed for the transfer length of steel strands, as shown in Fig. 3 . Abdelrahman et al 15 reported from an independent work that the transfer lengths of 8-mm-diameter Leadline are 360 and 500 mm for prestress levels of 50 and 70 percent of the guaranteed ultimate strength, respectively. These results, when compared to the proposed model for Leadline, were found to be within 7 to 9 percent of the predicted values using Eq. (1). Soudki et. al. 16 reported that the transfer length of 8-mm-diameter Leadline bars are 650 and 725 mm for prestress levels 50 and 70 percent of the guaranteed ultimate strength, respectively. These reported values are 20 percent higher than that predicted using the proposed model in Eq. (1).
Flexural bond length
The flexural bond length is defined as the embedment length beyond the transfer length required to develop the ultimate tensile strength of the prestressing tendon. Summation of the transfer length L t and the flexural bond length Lfb is known as the development length L d . Using variable shear span lengths, the development length was determined as the length at which the failure mode changed from bond slip to flexural failure due to rupture of the tendons. Test results and modes offailure for all specimens are given in Table 2 , 3, and 4. Using the same parameters used bef()re for the transfer length, the flexural bond length L Jb of CFRP is related to the increase of stress from the eflective prestress levelJ;,f to the ultimate tensile strengthJ;,u, the tendon diameter db' and the concrete strength at time of testj' as follows (2) where a/is a coeflicient determined from the regression analysis of the test data and has a value of 1.0 and 2.1\ for Leadline bars and CFCC strands, respectiwly, as shown in Fig. 9 . The test results of specimens prestressed with steel strands were not suflicient to determine the value of alor steel strands.
Modes of failure
The two failure modes typically obser~ed for the tested specimens are bond slip failure and/ or rupture of tendon. In beams, slip of the tendons at one or at the two ends of the beams with a value equal or greater than 0.02.') mm after the formation of flexural and shear cracks was used to characterize the bond failure. This definition was adopted based on the ASTM standards.
I
' Beams with suflicient embedment length failed by rupture of the tendons at the location of the maximum moment. In this program, premature failure due to shear did not occur. The specimens failed by significant tendon slip (greater or equal 0.02.') mm) followed by failure in either shear or flexural were classified as bond failure. A typical example of the variation of the stresses along the reinforcement at transfer, at cracking, at slip, and at failure is shown in Fig. 10 . The measured data are compared to the ACI Ix predictions and the proposed equations. It should be noted that the slope of the curves at any point is proportional to the induced bond stresses. The figure shows that flexural bond of significant magnitude exists only after the beam is cracked. Fig. 11 shows the typical crack pattern after testing the two ends of Beam BL 12, which failed due to bond slip at the first end when the shear span was 1100 nlln and due to rupture of Leadline at the second end when the shear span increased to 1300 mm. Fig. 12 shows Beam BTH! after failure due to rupture of the 12.5-ll1m CFCC strand within the constant moment zone when the shear span was 950 mm.
Effect of confinement
Test results of four beams and four prisms pretensioned by Leadline and six beams pretensioned by CFCC without shear reinforcement were compared to that of other specimens reinforced with steel stirrups to study the eHect of concrete confinement. In both cases, no splitting cracks within the transfer zone were observed after release. Test results indicated that absence of shear reinf()rcement in specimens pretensioned with Leadline and CFCC increases the transfer length with average values of 10 and 17 percent, respectively, more than the values predicted by the proposed models.
The results of the flexural bond length Lib for beams pretensioned with Leadline without shear reinforcement showed that the absence of shear reinfi)rcement did not affect the flexural bond length for beams prestressed with Leadline bars. For beams prestressed with CFCC strands, the absence of shear reinforcement resulted in an increase of the flexural bond length by an average value of 2.') percent higher than the proposed model in Eq. (2). This difference in behavior could be attributed to the value of concrete cover ortour times the bar diameter used in this investigation. The used concrete cover provided suHicient confinement to the Leadline bar, but not to the seven-stranded CFCC cable that activated the confining of the stirrups. Ehsani et al. 19 measured the transfer length of 8-mm-diameter Leadline bars by testing one prism and two beams, designated as CL-2, 2CL-I and CL-3, respectively. The specimens had no shear reinforcement. The prestressing levels were 54, 59, and 54 percent of the guaranteed ultimate strength of the Leadline for CL-2, 2CL-I, and CL-3, respectively. The con': crete compressive strength at time of release was 28 MPa for the three specimens 
Time-dependent effect
I t is reported that creep of concrete may cause an increase in the transfer length over time. This has been confirmed by the increase of the transfer length for uncoated and epoxy-coated steel strands after 1 year, by 5.4 and 11.7 percent, respectively. 9 In this research program, limited specimens were used to investigate the long-term effect on the transfer length for Leadline, CFCC, and steel.
The measured stress in the Leadline bar along the transfer length for Specimen BL3 is shown in Fig. 13 " at release, 2 months, and 1 year after release of prestresli. The losses in the prestressing force were 4, 15, and 21 perj:ent at release, after 2 months, and 1 year, respectively. The measurements of strain gages and Demec points of BL3 and BL4 showed that the transfer length of Lead line increased after 1 year by 22 percent. Fig. 14 shows the stress distribution along the CFCC strand for Specimen BTl at transfer, 2 months, and 1 year after release. The jacking stress of 1075 MPa (61 percent of the guaranteed tensile strength) is reduced to 1045,960, and 905 MPa (52 percent of the guaranteed tensile strength) at release, 2 months, and 1 year after release, respectively. It should be noted that the majority oflosses occurred within the first 2 months. No change in the transfer length ofCFCC strand was observed after 1 year in both BT 1 and BT2. The stresses in the CFCC strand decreased near the end of the beam with time. This behavior indicates that bond stress in this zone is also reduced by time. The measurements of strain gages and Demec points of beams BS5 and BS6 at release and after 1 year showed no increase in the transfer length of steel strands after 1 year, as shown in Fig. 15 . The radial pressure exerted by the tendon within the transfer zone also causes radial creep of concrete. The hole, through which the tendon is passing, becomes wider. The bond stress, which is proportional to the contact pressure at the interface; would then decrease and the tendon could pull further into the concrete. Unlike Leadline bars, which has a smooth surface that is partially indented, the CFCC and steel strands have a spiral shape which activate the mechanical component of bond at tendency of further slip with time. This mechanism results in no increase in transfer length of uncoated steel strand and CFCC strand.
